Stable Vortex Generation in Liquid Filled Wells by Mode Conversion of Surface Acoustic Waves  by Landskron, Johannes et al.
  Physics Procedia  70 ( 2015 )  98 – 101 
Available online at www.sciencedirect.com
1875-3892 © 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ICU 2015
doi: 10.1016/j.phpro.2015.08.051 
ScienceDirect
2015 International Congress on Ultrasonics, 2015 ICU Metz 
Stable Vortex Generation in Liquid Filled Wells by Mode 
Conversion of Surface Acoustic Waves 
Johannes Landskron, Katrin Schmidt, Maria Kufner, Gerhard Lindner* 
Institute of Sensor and Actuator Technology, Coburg University of Applied Sciences and Arts, Am Hofbräuhaus 1b, 96450 Coburg, Germany 
Abstract 
The formation of stable vortex flow pattern has been observed at liquid filled aluminum wells of 15 to 30 mm 
diameter when Lamb waves are excited on the bottom of the wells by piezoelectric transducers operated at a 
frequency of 1 MHz. The shape of the vortex pattern changed with the position of the transducer. Strong differences 
in mixing times were observed between water and ethanol when the filling level was changed and a remarkable 
reduction of mixing time was achieved by the addition of a small amount of detergent to water at small filling levels. 
Besides mixing of liquids thermal equilibration within a liquid volume was accelerated by acoustic streaming.  
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1. Introduction 
The mode conversion of surface acoustic waves with an out of plane component of motion encountering a liquid 
results in the radiation of longitudinal acoustic waves into the liquid, which may induce acoustic streaming at 
sufficiently high acoustic power due to viscous attenuation of the acoustic wave in the liquid [1]. Quite a few 
applications of surface acoustic wave induced acoustic streaming on a micro fluidic scale have been reported, e.g. 
for fluidic mixing, which are mainly based on piezoelectric substrates; in these studies stable flow pattern could be 
generated in the liquid including stable vortices in confined volumes such as sessile drops, catenoids or liquid filled 
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wells [2-4]. Applications of acoustic streaming on a macroscopic scale by surface acoustic waves are less numerous; 
among them investigations of acoustic propulsion of droplets with about 10 mm diameter on glass slides [5] or of 
vortex flow patterns within a liquid filled aluminum well of about 20 mm diameter [6] are recent examples.  
This contribution follows a similar approach using liquid-filled aluminum wells with diameters of 15 to 25 mm 
and depths of 11 mm, on the bottom of which leaky Lamb waves with a frequency of 1 MHz were excited by 
piezoelectric transducers (Fig. 1). They produce Eckart streaming in the bulk of the liquid by radiating longitudinal 
sound waves into the liquids at the Rayleigh angle ߠ ൌ ൫ݒ௟௜௤௨௜ௗ ݒ௅௔௠௕Τ ൯ ǡ ݒ௅௔௠௕ሺ݈ܽݑ݉݅݊ݑ݉ǡ ͳܯܪݖሻ ൌ
ʹ͵͵ͷ݉Ȁݏ (Table 1). Results of empirical studies are presented, which reveal the influence of filling level, acoustic 
power and type of liquid on the efficiency of the mixing process by vortex flow generation. 
 
  
Fig. 1. Conceptual drawing of mode conversion of leaky Lamb 
waves excited by a piezoelectric transducer (dark gray) attached to 
the bottom of the well (light gray). 
 
  
Table 1. Calculated conversion angles for different liquids in contact 
with aluminum. 
liquid conversion angle ș longitudinal velocity vliquid 
distilled water 39,43 ° 1483 m/s at 20 °C [7] 
ethanol 30,07 ° 1170 m/s at 20 °C [7] 
 
2. Materials and Methods 
Most of the experiments were performed with an aluminum block in which three cylindrical wells with different 
diameters are milled (Fig 2a). The thickness of the bottom plate is 1 mm in each well and piezoelectric rod 
transduces (25 mm x 1 mm x 1 mm) were glued to their lower surface in a peripheral position (Fig. 2a). The massive 
aluminum block prevented heating up of the liquid by transducers, which were excited continuously by 1 MHz sinus 
signals. For visual inspection of the flow pattern a second well was constructed by gluing a transparent plastic tube 
with 30 mm diameter to a 1 mm thick aluminum plate, to which a rod transducer was attached in a central position 
(Fig 2b). Laser-Doppler-Vibrometer scans of the bottom plate revealed the excitation of plane Lamb waves at least 
in the central part (Fig. 2c).Volumes of 1 to 3 ml of ethanol and distilled water were used as test liquids in the wells 
and small droplets of ink (2,5 μl) were added with an Eppendorf pipette for visualization of the flow pattern. In order 
to check the importance of surface tension, a small amount of detergent was added to a group of water samples (1 
drop of washing-up liquid per 100 ml water).  
The acoustic mixing was recorded by a digital camera and the homogenization of the ink distribution in the well 
was followed up. It turned out, however, that the deformation of the liquid surface by acoustic irrigation produced 
irregular reflection pattern which no longer allowed the determination of the time of complete homogenization 
(mixing time) by computational image analysis. Therefore, this time was measured by a stopping watch when all 
irregularities of the ink distribution were removed according to visual inspection. Surprisingly, the reproducibility of 
this approach turned out to be quite reasonable as indicated by the small standard deviations obtained from repeated 
measurements.  
 
 
Fig. 2. Top view of the test setup 1 (a) with radii r and depths t and test setup 2 (b) – dashed lines symbolize the position of the transducer on the 
bottom side of the setups; (c) snap-shot of the wave propagation on the bottom of a well measured with a Laser-Doppler-Vibrometer. 
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3. Experimental Results 
Stable vortex flow pattern were observed with water when the transducers were switched on, which were 
visualized by adding swarfs to the liquid (Fig. 3). They depend on the position of the transducer: A double-vortex 
pattern appeared with a peripheral transducer position (Fig. 3a and b) and a quadruple-vortex pattern was observed 
with a central position (Fig. 3c and d). The latter pattern, however, became instable at low and high liquid levels.  
 
 
Fig. 3. (a,b) Schematic drawing and snap-shot of a double vortex in a well filled with water with a peripheral transducer position; (c,d) schematic 
and snap-shot of a quadruple vortex with a central transducer position. 
The observed mixing times for ethanol decrease with increasing radii of the wells and increasing transducer 
voltages (Fig. 4a and b), whereas they increase with increasing volume of the liquid or liquid level (Fig. 4c). For 
water, on the other hand, they initially decrease with increasing level to a minimum value at 2 ml and remain almost 
constant at higher levels (Fig 4d). 
 
 
Fig. 4. (a-d) arithmetic mean and standard deviation of the observed mixing-times subject to different parameters: (a) radius r of the well; (b) 
voltage amplitude U of the power supply at 1 MHz; (c) filling volume V of ethanol; (d) filling volume V of distilled water (red bars) and water 
with reduced surface tension by detergent (blue bars).  
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The visual inspection of the mixing process in the 
second setup revealed a different spatial structure of the 
flow pattern in ethanol and in water, resulting in 
different efficiencies of homogenization of the ink. 
Fig. 5. Initial phase of acoustic streaming in wells filled with ethanol 
(a) and water (b) dribbled with ink; side view with the second setup. 
 
4. Discussion and Outlook 
The observed stable vortex flow pattern and their dependency from the position of the transducer are in 
agreement with previous findings of Frommelt et al. at much smaller dimensions [4]; the instability of the quadruple 
vortex at small filling levels of water, which irregularly switched from one stable symmetric configuration to another 
stable asymmetric configuration, has not been observed before. Another surprising result is the strong difference in 
the mixing time between water and ethanol at larger filling levels, which may result from the differences in 
conversion angle, in viscosity and density between these two liquids. More detailed investigations are necessary to 
discriminate between the influences of these parameters. Obviously, the large surface tension of water becomes 
important at small filling levels and prevents an effective mixing, which can be improved by small amount of 
detergents.  
Alongside with an attempt to measure the mixing time by thermography, another application of acoustic mixing 
became conceivable: The equalization of temperature after dripping a droplet of hot water into a water filled well 
was much faster with acoustically driven convection (Fig. 6b) than with thermal conduction only (Fig. 6a). 
 
 
Fig. 6. Photos of the temperature profile in the well taken by an infrared camera without (a) and with (b) acoustic streaming at different times. 
The graphs below show parameter of the temperature distribution in the well as a function of the time obtained from evaluating the picture series. 
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